Smooth muscle cells (SMC) play an important role in vascular homeostasis and disease. Although adult mesenchymal stem cells (MSC) have been used as a source of contractile SMC, they suffer from limited proliferation potential and culture senescence, particularly when originating from older donors. By comparison, human induced pluripotent stem cells (hiPSC) can provide an unlimited source of functional SMC for autologous cell-based therapies and for creating models of vascular disease. Our goal was to develop an efficient strategy to derive functional, contractile SMC from hiPSC.
Introduction
Smooth muscle cells (SMC) comprise the wall of multiple tissues including blood vessels, lymphatic vessels, urinary bladder, uterus, gastrointestinal tract, and respiratory tract. SMC surround the endothelial cell layer on the abluminal side of blood vessels and regulate blood flow by controlling the vessel diameter through contraction or dilation. 1 SMC exist in two phenotypic states: synthetic and contractile. 1, 2 Synthetic SMC are proliferative and non-contractile, while contractile SMC are quiescent cells but contractile. 2 The switch from the contractile to the synthetic phenotype has been implicated in the development of several vascular diseases such as intimal hyperplasia, hypertension, and atherosclerosis. 1 -3 Functional SMC may be useful for cell-based therapies to restore tissue function and/or promote vascular regeneration. 4 -6 These reasons led researchers to investigate adult stem cells as sources of functional SMC including bone marrow-derived mesenchymal stem cells (BM-MSC), 6 -8 adipose-derived stem cells, 9 umbilical cordderived MSC, 10 muscle-derived stem cells, 11 and hair follicle (HF)-derived MSC. 12 -14 However, the proliferation and differentiation capacity of MSC decrease significantly with donor aging, 15 limiting the potential of cells originating from elderly patients, who are mostly in need for cellular therapies. MSC also suffer from culture senescence limiting their culture time to about 8 -10 passages and preventing their expandability to the large cell numbers required for cell therapies. The advent of induced pluripotent stem cells (iPSC) that can be generated from any adult cell in the body has spawned an excitement in the field of regenerative medicine, 16, 17 because iPSC can provide an inexhaustible source of autologous cells with broad differentiation potential. There is a limited number of studies that investigated differentiation strategies to generate SMC from human (h)iPSC. 17 -19 In addition, most studies were designed to provide a proof of concept that hiPSC can differentiate into SMC and not necessarily to obtain high efficiency as might be required for regenerative medicine. In this study, we developed a novel monolayer protocol of hiPSC differentiation towards contractile SMC through a multistep process that begins with epithelial-to-mesenchymal transition (EMT), giving rise to an intermediate population of highly proliferative and multipotent MSC that could be monitored and quantified using an novel lentiviral dual-promoter vector (LVDP). In turn, the hiPSC-derived MSC could be coaxed to differentiate into a homogeneous population of highly contractile SMC that may be useful for regenerative medicine or for the development of cellular models of vascular disease.
Methods

hiPSC culture
Human foreskin fibroblast derived iPSC (F-iPSC), generated from Thomson factors (OCT4, SOX2, NANOG, and LIN28), were purchased from WiCell Institute, Madison WI, USA. Human hair follicle MSC derived iPSC (HF-iPSC) were generated from HF-MSC with the four Yamanaka factors (OCT4, SOX2, KLF4, and cMYC). Both hiPSC lines were regularly maintained on mouse embryonic fibroblasts (MEF; Chemicon) in human embryonic stem cell medium (hESM) comprising of DMEM-F12 (Invitrogen), 20% knockout serum replacer (Invitrogen), 1% non-essential amino acid supplements (Invitrogen), 100 mM b-mercaptoethanol (Sigma), and 10 ng per mL basic fibroblast growth factor (bFGF; Invitrogen). hESM was daily changed and hiPSC were passaged every 5 -6 days to new MEF feeders.
Lentivirus production
An lentiviral dual-promoter vector (LVDP) as described elsewhere 20 was used to monitor cell fate in this study. The construct is described in more detail in Supplementary material online, Methods.
To generate lentivirus, 293T cells were simultaneously transfected with an LVDP plasmid (30 mg), psPAX2 (25 mg), and pMD2G (6 mg) using the standard calcium phosphate precipitation method. Virus-containing supernatant was harvested for two consecutive days. Subsequently, the supernatant was filtered through 0.45 mm filter, centrifuged at 48C for 2 h, re-suspended in hESM, and stored in 2808C for further use. The virus titre was determined by transducing 293T cells with serially diluted viral particles using flow cytometry. A multiplicity of infection of 0.1 was used for all experiments.
Lentiviral transduction of hiPSC
For hiPSC LV transduction optimization on matrigel (growth factorreduced matrigel, BD), F-iPSC line was used and two conditions were tested: (i) traditional transduction (TT), where hiPSC were plated on matrigel and LV was added next day and (ii) LV/matrigel (LVM) transduction; where LVDP was mixed with matrigel solution and hiPSC were plated afterwards. hiPSC were cultured in the presence of MEF-conditioned medium (CM; hESM conditioned by MEF) plus 10 ng per mL bFGF. The transduction efficiency and fluorescence intensity of transduced cells (see Supplementary material online, Figure S2B and C) were measured by flow cytometry on day 4.
Fluorescence microscopy and flow cytometry
ZsGreen fluorescence reporter activity was monitored and images were acquired using a Zeiss AxioObserver (Zeiss, Thornwood, NY, USA) inverted fluorescence microscope equipped with an ORCA-ER CCD camera (Hamamatsu, Japan). For flow cytometry, cells were trypsinized, centrifuged, and filtered through 40 mm nylon cell strainer (BD Biosciences, CA, USA) and subsequently resuspended in phosphate buffered saline (PBS), and fluorescence intensity was measured using FACS Calibur (BD Biosciences, CA, USA). Non-transduced hiPSC and hiPSC transduced with LV encoding for ZsGreen or DsRed only were used for gating.
Immunocytochemistry
Immunocytochemistry and histology were performed as previously described. 6, 21, 22 Briefly, cells were fixed in 4% paraformaldehyde, permeabilized (PBS with 0.1% triton X-100), blocked (1% bovine serum albumin (BSA)/0.01% triton X-100), and incubated with one of the following antibodies: rabbit anti-human Nanog 2.6 Adipogenic, chondrogenic, and osteogenic differentiation hiPSC-derived MSC were induced to differentiate into osteogenic, chondrogenic, or adipogenic lineages as previously described. 21 Briefly, 5 × 10
One microgram of total RNA was reverse transcribed using superscript III reverse transcriptase (GIBCO) and oligo dT primer (GIBCO). Forward and reverse primer sets used for RT-PCR are summarized in Supplementary material online, Table S1 .
Engineered vascular constructs
Tissue-engineered vascular constructs containing hiPSC-MSC and hiPSC-SMC were fabricated and vascular contractility measurement was done as previously described. 6,22 -24 Briefly, hiPSC-MSC or hiPSC-SMC were polymerized in thrombin and fibrinogen around a mandrel and cultured in vessel medium for 2 weeks before mechanical properties were examined. For more information see Supplementary material online.
Contractility and mechanical properties of tissue equivalents
Tissue constructs were mounted on stainless steel hooks connected to a force transducer in an isolated tissue bath. Tissues were equilibrated at a basal tension, contractions were recorded in response to vasoagonists, and mechanical properties were determined. See Supplementary material online for details.
Clonogenic assay
Clonogenic assays were performed as previously described. 12 Briefly, HF-MSC and HF-iPSC-MSC were seeded (10 cells/cm 2 ) in a 100 mm culture dish and cultured for 10 days in DMEM containing 10% MSC-qualified foetal bovine serum (FBS) plus 2 ng per mL bFGF. Subsequently, the cells were fixed with a solution of methanol and acetic acid (3:1 v/v), stained with trypan blue, and photographed using a gel documentation imaging system (UVP, Upland, CA, USA). Images were analysed using ImageJ (NIH, USA) to determine the area and effective diameter of each clone.
Immunoblotting
Immunoblotting was performed as previously described. 6 HF-MSC and HF-iPSC-MSC were lysed, run in a denaturing gel, transferred to membrane, and probed using anti-human p21 antibody. Chemiluminescence was detected using a commercial kit. See Supplementary material online for details.
Statistical analysis
Data were expressed as mean + standard deviation and statistical significance (defined as P , 0.05) was determined using Student's t-test.
Results
Stage 1: inducing and monitoring EMT
Two hiPSC lines were used in this study. Foreskin fibroblast-derived hiPSC (F-iPSC; WiCell Institute) that was originally created from foreskin fibroblasts using the four Thomson pluripotency factors (OCT4, NANOG, SOX2, LIN28) 25 ; and hiPSC that were derived from human HF-MSC 12,13 using the four Yamanaka factors (OCT4, SOX2, KLF4, and cMYC). 26, 27 Both hiPSC lines were routinely cultured on MEF feeders and expressed pluripotency markers OCT4A and SSEA4 (see Supplementary material online, Figure S1 ).
In previous work, we used the promoter of the smooth muscle a-actin gene (ACTA2) to follow the myogenic differentiation of BM-and HF-derived MSC that were then purified from the total MSC population using flow cytometry sorting. 6, 12, 13 We reasoned that the ACTA2 promoter could also be used to monitor hiPSC as they undergo mesenchymal fate transition. To this end, we employed an LVDP construct that we designed in our laboratory 20 and encodes for ZsGreen under the ACTA2 promoter and DsRed2 under the constitutive human Phosphoglycerate kinase (hPGK) promoter (ACTA2-LVDP; see Supplementary material online, Figure S2A ). Transduced cells are expected to express DsRed constitutively but express ZsGreen only upon ACTA2 promoter activation and therefore, they can be followed in real time using fluorescence microscopy.
In the first step of the differentiation protocol, hiPSC were plated on growth factor reduced matrigel-coated dishes in the presence of MEF-CM, and the next day, they were transduced with LVDP (see Supplementary material online, Figure S2A ). Two approaches of lentiviral transduction were tested using a LV encoding for ZsGreen under the human phosphoglycerate kinase (hPGK) promoter to quantify the transduction efficiency and choose the optimum protocol: (i) LVM transduction, where LV was mixed with matrigel and coated on the surface of each dish for 2 h before plating hiPSC to initiate gene transfer; and (ii) TT, where hiPSC were first plated on matrigel-coated dishes, and 24 h later LV was introduced overnight. As measured by flow cytometry, the gene transfer efficiency (% ZsGreen+ cells) was 68.5 + 6.5 and 80.8 + 4.0% by the LVM and TT method, respectively (n ¼ 3, P , 0.05; see Supplementary material online, Figure S2B) . Similarly, the transgene expression level as determined by the mean fluorescent intensity was significantly higher in TT (571.6 + 172.5 a.u.) when compared with the LVM method (276.1 + 95.0 a.u.; n ¼ 3, P , 0.05; see (Supplementary material online, Figure S2C ).
Based on these results, the TT method was employed in all further experiments for hiPSC transduction with the ACTA2-LVDP virus. By day 2 post-transduction, the peripheral cells of F-iPSC and HF-iPSC colonies started to assume fibroblastic morphology and to express ZsGreen ( Figure 1A and C ) . By day 7, 56.1 + 0.7% of transduced (DsRed2+) F-iPSC and 80.3 + 2.5% of transduced HF-iPSC were ACTA2-ZsGreen+ ( Figure 1E ; Stage 1). RT-PCR showed that in Stage 1, cells continued to express pluripotency factors Sox2, Oct4, and Nanog, suggesting the presence of undifferentiated cells in the colonies (Figure 2A and B) . At the same time, mesendodermal genes (T, EOMES, MIXL1, and GSC) were upregulated, while genes signifying definitive endoderm (FOXA2 and SOX17) or ectoderm (PAX6, OTX2v1, and SOX1) were absent. In addition, transcription factors regulating EMT (TWIST, SLUG, SNAIL, FOXC2) and EMT-related structural proteins (FSP1, FN1, N-cadherin) were upregulated in Stage 1 F-iPSC and HF-iPSC ( Figure 2C and D) . In agreement with the presence of pluripotency factors, the epithelial marker E-Cadherin was present in Stage 1 cells, possibly due to the presence of a mixture of differentiated and undifferentiated iPSC.
To ensure that the ACTA2 promoter is not active in pluripotent stem cells, F-iPSC were transduced with ACTA2-LVDP, and coloniescontaining DsRed+ cells were picked, dissociated, and re-plated in a new MEF monolayer to generate DsRed-expressing (transduced) F-iPSC clones. Under conditions that maintained pluripotency, none of the DsRed-expressing colonies appeared to express ZsGreen (see Supplementary material online, Figure S3A ), indicating the absence of ACTA2 promoter activity in undifferentiated cells. Immunostaining confirmed that OCT4A was expressed in all cells within each colony but ACTA2 was absent, except in the MEFs surrounding each colony (see Supplementary material online, Figure S3B ). Taken together, these data suggest that in Stage 1 of differentiation hiPSC undergo EMT that can be monitored by the ACTA2 promoter-driven gene expression.
Functional SMC from hiPSC
Stage 2: enrichment with cells exhibiting MSC phenotype
After 7 days on matrigel, cells were plated on gelatin-coated (0.1%) dishes and cultured in M231 medium containing smooth muscle growth supplement with 5% FBS, 2 ng/mL bFGF, 0.5 ng/mL EGF, 5 ng/mL heparin, and 5 mg/mL insulin ( Figure 1B and D) . Under these conditions, the fraction of ACTA2-ZsGreen+ cells among the DsRed2+ cells increased from 56.1 + 0.7% in Stage 1 to 96.4 + 1.2% in Stage 2 for F-iPSC (n ¼ 3, P , 0.001) and from 80.3 + 2.5% in Stage 1 to 87.5 + 3.1% Stage 2 for HF-iPSC (n ¼ 3, P , 0.05; Figure 1E ; Stage 2).
At this stage, pluripotency factors Oct4 and Sox2 were significantly decreased and only small levels of Nanog were detectable (Figure 2A and B). Expression of mesendodermal genes (T, EOMS, MIXL1) was also diminished (Figure 2A and B) . On the other hand, expression of EMT-related genes continued to be high, while E-cadherin was diminished ( Figure 2C and D) . Taken together, these data suggest that during Stage 2 of differentiation, our culture was enriched in mesenchymal cells.
We also tested whether type IV collagen, which was previously shown to promote mesodermal 28 and vascular lineage differentiation, 29, 30 could also promote Stage 2 differentiation more efficiently than gelatin. On type IV collagen, the percentage of ACTA2-ZsGreen+/ DsRed2 + F-iPSC-derived cells increased to a similar extent as on gelatin, from 56.1 + 0.7% in Stage 1 to 96.8 + 1.6% in Stage 2 (n ¼ 3, P , 0.001; see Supplementary material online, Figure S4 ). Figure 3A) . In addition, Stage 2 hiPSC could be coaxed to differentiate into osteogenic, adipogenic, and chondrogenic lineages as evidenced by RT-PCR and functional assays ( Figure 3B and C ) . Upon osteogenic induction, the cells expressed osteogenic genes RUNX2 and alkaline phosphatase and exhibited high levels of calcium phosphate deposits, as shown by Von Kossa staining. Chondrogenic medium upregulated the SOX9 and Aggrecan (ACAN) genes and induced expression of glycosaminoglycans, as shown by Alcian Blue staining. Finally, adipogenic differentiation medium increased transcription of PPAR-g (PPARG) and Leptin (LEP) genes and induced the formation of oil droplets, as demonstrated by Oil Red O staining.
Stage 3: differentiation of hiPSC-MSC into contractile SMC
Next, we hypothesized that hiPSC-derived MSC can be coaxed to differentiate into functional SMC. To this end, we treated hiPSC-MSC with the following combinations: (i) heparin (30 mg/mL); (ii) TGFb1 (10 ng/mL); (iii) TGFb1 (10 ng/mL) plus heparin (30 mg/mL); or (iv) TGFb1 (10 ng/mL) plus insulin (2 mg/mL) for 5 days. All combinations increased expression of myogenic markers aSMA, calponin (CNN1), and caldesmon (CALD), but the combination of heparin and TGFb1 induced the highest expression of the late SMC differentiation marker, myosin heavy chain (MYH11; see Supplementary material online, Figure S5 ). Therefore, we chose TGFb1/heparin to induce hiPSC-MSC differentiation into mature, functional SMC.
RT-PCR analysis showed that expression of SMC-specific genes (ACTA2, MYH11, CNN1, CALD1, and SM22) increased in Stage 2; and the intermediate and late SMC markers, CNN1 and MYH11 increased further in Stage 3 of differentiation ( Figure 4A and B) . In agreement, immunostaining of undifferentiated hiPSC-MSC displayed diffuse, weak staining for ACTA2, CNN1, and MYH11 ( Figure 4C) . However, treatment with TGF-b1/heparin for 5 days increased expression and induced filamentous organization of all three proteins ( Figure 4D) , suggesting that cells in Stage 3 of differentiation assumed mature SMC phenotype.
Stage 3: hiPSC exhibited strong contractile function
The defining property of mature SMC is their ability to generate force in response to vasoactive agonists. To measure contractile function, we fabricated small-diameter cylindrical tissue constructs by embedding Stage 2 or Stage 3 hiPSC in fibrin hydrogels that were allowed to polymerize around cylindrical mandrels. After 2 weeks of culture in vessel medium [TGFb1 (2 ng/mL), insulin (2 mg/mL), and ascorbic acid (300 mM)], the tissue constructs were examined histologically and found to contain cells that were distributed uniformly and assumed circumferential alignment ( Figure 5A) , as previously shown with vascular SMC or SMC derived from HF or BM-MSC. 6 ,12,13,22,24,31
After 2 weeks, we measured the isometric tension generated by tissue constructs in response to receptor-and non-receptormediated agonists using a force transducer as we reported previously. 6, 12, 22 In agreement with immunostaining, Stage 2 cells from F-iPSC or HF-iPSC displayed very weak contractility, but Stage 3 F-hiPSC or HF-hiPSC exhibited robust force generation in response to all three agonists ( Figure 5B and C ) In addition to vasoactivity, Stage 3 cells generated tissue constructs of significantly higher strength ( Figure 5D ). Specifically, the ultimate tensile stress (UTS) of tissues prepared from Stage 3 cells was 2-to 2. Figure 6B ). In addition, the cell density was significantly higher in HF-iPSC-MSC-derived clones ( Figure 6A (ii) and (iv)). Immunostaining showed that significantly higher fraction of HF-iPSC-MSC expressed the proliferation marker Ki67 (HF-iPSC-MSC: 55.67 + 12.82% vs. HF-MSC: 17.49 + 4.11%, P , 0.005, n ¼ 10) and significantly smaller fraction expressed the senescence marker p21 32 when compared with parental HF-MSC (HF-iPSC-MSC: 15.87 + 3.87% vs. HF-MSC: 86.53 + 5.13%, P , 0.005, n ¼ 10; Figure 6C and D).
RT-PCR analysis showed that inhibitors of G1/S cell cycle transition such as p21 32 and p16INK4a 33 were downregulated, while BMI1, 33 a repressor of p16INK4a, and G1/S-specific cyclin-D1 34 were upregulated in HF-iPSC-MSC ( Figure 6E) . Finally, immunoblotting showed that HF-MSC expressed higher level of p21 protein compared with HF-iPSC-MSC (normalized band intensity for HF-iPSC-MSC: 0.33 + 0.22 vs. HF-MSC: 0.92 + 0.21, P , 0.03, n ¼ 3; Figure 6F ). Collectively, these results suggest that despite their more advanced passage Functional SMC from hiPSC number (P14) HF-iPSC-derived MSC were more proliferative and less senescent than the parental (P6) HF-MSC.
Discussion
Mature contractile SMC make up the vascular media and play an important role in maintaining homeostasis by regulating vessel tone in response to various vasoactive signals. 1 -3 Their phenotypic switching from contractile to synthetic is implicated in the development of several vascular diseases such as intimal hyperplasia, atherosclerosis, and restenosis. 1 -3 Although SMC have been derived from multipotent adult stem cells, 7 -9,13,35 -39 iPSC have been investigated less frequently. 17 -19 These studies provided a proof of concept that hiPSC can differentiate into SMC, but the differentiation strategies employed so far obtained a mixture of many cell types, thereby requiring development of purification procedures to isolate the cell type of interest in this case, SMC.
In the present study, we developed a simple and robust 2D differentiation protocol of SMC differentiation using soluble signals and extracellular matrix molecules but without the use of feeder cells lines (see Supplementary material online, Figure S6 ). We demonstrated that hiPSC differentiated into contractile phenotype via an intermediate stage with broader MSC differentiation potential. At this intermediate stage, the cells were highly proliferative, exhibited the surface marker profile of MSC, and could differentiate into bone, fat, and cartilage lineages. In addition, they expressed SMC-related genes such as aSMA, CNN1, CALD1, SM22, but did not express the corresponding proteins, except when they were induced to differentiate (Stage 3). Under myogenic differentiation conditions, all myogenic proteins were expressed at high level and most important, they exhibited filamentous organization indicative of contractile SMC phenotype. This multistage strategy of differentiation allowed for expansion of an intermediate cell population, before induction of terminal differentiation into the contractile cells that may be ultimately used to recover the lost tissue function. Finally, this differentiation strategy was validated with two hiPSC lines that were generated using different sets of transcription factors, suggesting that the differentiation pathway may be independent of the pathways that were followed to attain pluripotency.
Under feeder-free conditions, the cells in the periphery of embryonic stem cells colonies were reported to undergo EMT. 40 -42 In agreement, when plated on matrigel-coated dishes, the peripheral cells of hiPSC colonies assumed fibroblastic morphology and exhibited activated ACTA2 promoter, similar to other epithelial cells undergoing EMT. 43 -45 Interestingly, the ACTA2 promoter was not active in undifferentiated hiPSC on MEF monolayers, suggesting that activation was likely the result of EMT due to the extracellular matrix (matrigel) and soluble factors (MEF-CM) present in the first step of differentiation. Indeed, as hiPSC cells expressed ZsGreen, they also upregulated EMT-related transcription factors SNAIL, 46 SLUG, 46 and TWIST 47, 48 and FOXC2, 49 repressed ECAD, 46, 50 and upregulated mesenchymal markers 46 such as NCAD, FSP-1, 51, 52 vimentin, 50 and fibronectin. 53 These data suggested that hiPSC underwent EMT that could be monitored and quantified by ACTA2-driven ZsGreen expression. Stage 1 HF-iPSC did not express the mesodermal marker FSP1 and transiently upregulated OTX2v1 and its downstream mediator Pax6, genes that specify neuroectodermal commitment during development. Subsequent differentiation steps towards the myogenic fate reduced expression of OTX2v1 and Pax6 and increased expression of FSP1. Although the reasons for the differences between HF-iPSC and F-iPSC remain unknown, transient upregulation of OTX2v1 and Pax6 might reflect residual epigenetic memory of the parental HF cells. HF-MSC originate from the mesodermal portion of the hair follicle but they also abundantly express neural markers such as nestin, suggesting that these cells may possess mixed mesenchymal and neuroectodermal potential. Nevertheless, transient expression of these transcription factors did not prevent efficient differentiation of HF-iPSC into the SMC lineage.
Interestingly, while hiPSC-MSC had highly active ACTA2 promoter and expressed SMC-related genes such as aSMA, CNN1, CALD1, MYH11, and SM22 at the mRNA level, immunostaining showed that protein expression was very low, as was myogenic function. Treatment with TGF-b1 and heparin for 5-7 days increased protein expression and filamentous organization of aSMA, CNN1, and MYH11, indicating the development of contractile phenotype. Indeed, cylindrical vascular constructs prepared from Stage 3 cells displayed high levels of contractile function in response to receptor-and non-receptor-mediated agonists, demonstrating the ability to generate force under physiologically relevant conditions. These results suggested that under appropriate differentiation conditions, Stage 3 hiPSC assumed a mature and contractile SMC phenotype that could be used to engineer vascular grafts exhibiting high vascular contractility and improved mechanical properties.
It is interesting to note that HF-iPSC were derived with reprogramming of HF-MSC from a 69-year-old donor, while F-iPSC line were derived from foreskin (neonatal) fibroblasts. Nevertheless, SMC derived from either cell line demonstrated similar level of contractility, suggesting that induced pluripotency might have promoted rejuvenation of aged cells. Indeed, Stage 2 HF-iPSC-MSC could be propagated in culture for at least 40 population doublings without reaching senescence and still maintained the capacity to differentiate into contractile SMC. In addition, HF-iPSC-MSC were more clonogenic and expressed higher levels of cell cycle-promoting genes and lower levels of senescence-inducing genes when compared with their parental counterparts HF-MSC of lower passage. This result suggested that the reprogramming-endowed 'rejuvenation' was conveyed to the resulting MSC without compromising the high differentiation potential. Although this result reflects only one donor, it is in agreement with recent reports in the reprogramming literature 54 -56 and suggests that this strategy could be used to overcome the adverse effects of donor aging on proliferation and myogenic differentiation of adult MSC. 15 While the field of reprogramming is still advancing many researchers started to examine iPSC as a model system to understand complex diseases including neurological, haematological, cardiac, and metabolic disorders. 57, 58 Others started to evaluate iPSC as a source of cells for regenerative medicine applications, primarily as an alternative source to adult stem cells, 59 which suffer from limited lifespan due to organismal or culture senescence, 15, 60 posing significant challenges in engineering functional tissues, especially from the cells of elderly patients. In this regard, use of the differentiated progeny of iPSC in cell therapies requires robust differentiation protocols that yield large numbers of functional cells to replace the lost tissue function. In the current study, we developed a stage-wise strategy to obtain highly functional SMC through an intermediate population of highly proliferative and multipotent MSC that may be useful for studying vascular disease or for regenerative medicine applications.
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